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ABSTRACT
We continue our systematic statistical study of various components in gamma-
ray burst (GRB) optical lightcurves. We decompose the early onset bump and
the late re-brightening bump with empirical fits and analyze their statistical
properties. Among the 146 GRBs that have well-sampled optical lightcurves,
the onset and re-brightening bumps are observed in 38 and 26 GRBs, respec-
tively. It is found that the typical rising and decaying slopes for both the onset
and re-brightening bumps are ∼ 1.5 and ∼ −1.15, respectively. No early on-
set bumps in the X-ray band are detected to be associated with the optical
onset bumps, while an X-ray re-brightening bump is detected for half of the
re-brightening optical bumps. The peak luminosity is anti-correlated with the
peak time, Lp ∝ t
−1.81±0.32
p for the onset bumps and Lp ∝ t
−0.83±0.17
p for the
re-brightening bumps. Both Lp and the isotropic energy release of the onset
bumps are correlated with Eγ,iso, whereas no similar correlation is found for the
re-brightening bumps. These results suggest that the afterglow onset bumps are
likely due to the deceleration of the GRB fireballs. Taking the onset bumps as
probes for the properties of the fireballs and their ambient medium, we find that
the typical power-law index of the relativistic electrons is 2.5 and the medium
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density profile behaves as n ∝ r−1 within the framework of the synchrotron exter-
nal shock models. With the medium density profile obtained from our analysis,
we also confirm the correlation between initial Lorentz factor (Γ0) and Eiso,γ in
our previous work. The jet component that produces the re-brightening bump
seems to be on-axis and independent of the prompt emission jet component. Its
typical kinetic energy budget would be about one order of magnitude larger than
the prompt emission component, but with a lower Γ0, typically several tens.
Subject headings: radiation mechanisms: non-thermal — gamma-rays: bursts
1. Introduction
The understanding of the gamma-ray burst phenomenon has been greatly advanced
in recent years. While the prompt gamma-ray emission is generally interpreted as due
to internal dissipation processes within the relativistic ejecta due to internal shocks near
or far above the photosphere (Rees & Me´sza´ros 1994; Kobayashi et al. 1997; Daigne &
Mochkovitch 1998; Rees & Me´szr´os 2005; Pe’er et al. 2006) or internal magnetic energy
dissipation processes (e.g. Usov 1992; Thompson 1994; Drenkhahn & Spruit 2004; Giannios
& Spruit 2006; Zhang & Yan 2011), the afterglow is usually interpreted as arising from the
external shock formed as the fireball is decelerated by the ambient medium (Me´sza´ros &
Rees 1997; Sari et al. 1998).
In the pre-Swift era, afterglow observations were mostly made in the optical bands. The
data were well explained by the external shock model (e.g., Me´sza´ros & Rees 1997; Sari
et al. 1998; Panaitescu et al. 1998; Panaitescu & Kumar 2001; Huang et al. 2000; see
Zhang & Me´szaros 2004 for review). However, simultaneous observations with the XRT and
UVOT on board Swift (Gehrels et al. 2004) as well as ground-based optical telescopes in the
early afterglow phase have opened a new window to understand GRB afterglow (Me´sza´ro
2006; Zhang 2007; Liang 2010). In particular, early X-ray afterglow observations revealed
erratic flares and early plateaus that are difficult to interpret within the standard theoretical
framework (Zhang et al. 2006, Nousek et al. 2006). The flares are believed to be produced
by late central engine activity (Burrows et al. 2005; Fan & Wei 2005; Zhang et al. 2006; Dai
et al. 2006; Proga & Zhang. 2006; Perna et al. 2006), and the shallow decay segment likely
signals a long-lasting wind powered by the GRB central engine after the prompt gamma-
ray phase (Dai & Lu 1998a,b; Zhang et al. 2006). These features indicate that the GRB
central engine does not die out quickly. The observed afterglow emission is a superposition
of the traditional external shock afterglow and an afterglow related to the late central engine
activity (Zhang 2011).
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The mix of various emission components makes afterglow lightcurves more diverse (e.g.,
Liang et al. 2008). One may decompose the lightcurves using two different approaches: one
through theoretical modeling and the other through empirical fitting. Theoretical modeling
prevailing in the pre-Swift era (e.g., Panaitescu et al. 1998; Panaitescu & Kumar 2001;
Huang et al. 2000; Wu et al. 2005) is found increasingly difficult in the Swift era, because
of the large amount of data, and more importantly, the chromatic behavior that defeats the
simplest external shock model. We therefore take the more empirical approach to perform
the analysis (e.g., Liang & Zhang 2006; Panaitescu & Vestrant 2008, 2011; Kann et al. 2010;
2011).
Our results are presented in a series of papers. In the first paper of this series (Li et al.
2012; paper I), we presented the general features of a “synthetic” optical lightcurve based on
our decomposition analysis. The ”synthetic” optical lightcurve shows eight possible compo-
nents with distinct physical origins (see Figure 2 of Paper I): these include prompt optical
flares; an early optical flare of the reverse shock origin; an early shallow decay segment; the
standard afterglow component (an onset hump followed by a normal decay segment); the
post jet break phase; optical flares; a re-brightening hump; and a late supernova (SN) bump.
The optical flares and the shallow decay segment may signal late activity of the GRB central
engine, which have been discussed in detail in Paper I. This paper is dedicated to the onset
bump (component III) and the late re-brightening bump (component VI) in the synthetic
lightcurve. The reason to discuss them together is because physically they share a similar
origin of jet-medium interaction, and they are potentially good probes for the fireball and
the ambient density profile (e.g., Rykoff et al.2009; Oates et al. 2009; Liang et al. 2010; Lu¨
et al. 2012; Ghirlanda et al. 2012; Yi et al. 2012).
The fireball model predicts a clear early onset hump in the afterglow lightcurve as the
fireball is decelerated by the ambient medium (Rees & Me´sza´ros 1992; Me´sza´ros & Rees
2003; Sari & Piran 1999 for the thin shell case, and Kobayashi et al. 1999; Kobayashi &
Zhang 2007 for the thick shell case). This prediction was examined by some authors with
early optical and X-ray afterglow observations (e.g., Molinari et al. 2007; Xue et al. 2009;
Melandri et al. 2010; Liang et al. 2010). The epoch of deceleration depends on the energy
of the fireball, density of the medium, and more sensitively the initial Lorentz factor of the
ejecta, Γ0. The rising slopes of the onset bumps are determined by both the medium density
profile (the k value by assuming n ∝ r−k) and the electron spectral index, p. Therefore, the
afterglow onset bumps would be an ideal probe to study the properties of the fireball and
the circumburst medium. The re-brightening feature is likely related to another emission
component, and hence, may probe the jet structure. We present the data and lightcurve
fitting results in §2 and compare the properties of the onset and late re-brightening bumps
in §3. We measure Γ0, p, and k with the onset bumps in §4. An analysis for the physical
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origin of the re-brightening bumps is presented in §5. A summary and discussion of our
results are presented in §6. Throughout,a convention Qn = Q/10
n is used for the physical
parameters in cgs units, and the slope of a lightcurve and the power-law index of a spectrum
is defined with a convention F ∝ tαν−β.
2. Data and Lightcurve Fitting
All the GRBs that have optical afterglow detections by November 2011 (from Feb. 28
1997 to Nov. 2011) are included in our analysis. A sample of 225 optical lightcurves are
compiled from published papers, or from GCN Circulars if no published paper is available.
Well-sampled lightcurves are available for 146 GRBs. The sample has been presented in Table
1 of Paper I, in which GRB name, redshift, optical spectral information, observational time
interval, as well as γ-ray spectral parameters are summarized (Li et al. 2012). We collected
the optical spectral indices βO
1 and the host galaxy extinction AV for each burst from the
same literature in order to reduce the uncertainties introduced by different authors. Galactic
extinction correction is made by using a reddening map presented by Schlegel et al. (1998).
Since the AV values are available only for some GRBs and the AV is derived from the spectral
fits using different extinction curves, we do not make correction for the GRB host galaxy
extinction. The k-correction in magnitude is calculated by k = −2.5(βO−1) log(1+ z). The
late epoch data (∼ 106 seconds after the GRB triggers) are heavily contaminated with the flux
from the host galaxy. We fit the host galaxy flux with the late time data and subtract it from
the entire light curve. The isotropic gamma-ray energy (Eγ,iso) is derived in the rest frame
1− 104 keV energy band using the spectral parameters. We fit the lightcurves with a model
of multiple power-law components. The basic component of our model is either a power-law
function, F = F0t
α or a smooth broken power-law function, F = F0[(t/tp)
α1s + (t/tp)
α2s]1/s,
where α, α1, α2 are the temporal slopes, tp is the peak time of a bump, and s measures
the sharpness of a peak of the lightcurve component. In some cases, we adopt a tripple
broken-power-law model. We developed an IDL code to make best fits with a subroutine
called MPFIT2. For the details of our lightcurve fitting, see Paper I.
As shown in Paper I, eight components are decomposed from the observed optical
lightcurves. This paper focuses on the early afterglow onset and late re-brightening af-
terglow components. The reason to discuss them together is because they may be both
related to the similar physical origin, i.e., multiple fireball components are decelerated by
1An optical spectral index βO = 0.75 is adopted for those GRBs whose βO is not available.
2http://www.physics.wisc.edu/∼craigm/idl/fitting.html.
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the circum-burst medium with the same or different jet axes so that the line-of-sight may
view them with on-axis or off-axis geometries. An afterglow onset feature is characterized
by a smooth bump with a peak less than 1 hour post trigger, which is followed by a normal
(decay index between -0.75 and -2) power-law decay component. A rebrightening bump is
similar to an onset bump but peaks at a much later time. The supernova bump is a special
late rebrightening peaking at around 1-2 weeks after a GRB trigger, which usually shows a
red color. We exclude the supernovae bumps in this analysis by restricting the peak time of
the bumps to be earlier than 7 days after a GRB trigger. Throughout, we mark the param-
eters of the early onset bumps and the late re-brightening bumps with the superscripts “on”
and “re”, respectively. We classify the optical lightcurves with the detections of an onset
bump and/or a late re-brightening bump into five groups as described below.
• Group I: This group includes bursts with an onset bump followed by a normal de-
cay segment without a late re-brightening bump, as shown in Figure 1. These are a
textbook version of lightcurves as predicted by the standard fireball model. Erratic
flares are superimposed on some of the lightcurves, but they may be produced by late
internal shocks as presented in paper I. We have 27 cases in the sample.
• Group II: This group includes bursts with an initial afterglow onset bump followed by
a late re-brightening hump. We have 11 cases in the sample. They are shown in Figure
2.
• Group III: This group includes bursts with an initial shallow decay segment followed
by a late re-brightening hump. We have 8 cases in the sample (Figure 3).
• Group IV: This group includes bursts with an initial normal decay followed by a late
re-brightening bump. We have 7 cases in the sample (Figure 4).
• Group V: This group includes bursts with a single bump that peaks at > 104 seconds
post the GRB trigger. We have 3 cases (GRBs 060614, 070306 and 100418) in the
sample (Figure 5). Since we do not detect a decay component before the bump, one
cannot decide with confidence whether it is an onset or re-brightening bump. We
therefore do not include them in the statistical analysis of the two types of bumps.
Altogether we have 38 early afterglow onset bumps3 and 26 late re-brightening bumps for
our statistical analysis. The parameters of the onset and re-brightening bumps in our sample
3 An early onset bump may be also embedded in the data of GRBs 080319A and 090716 with our
lightcurve fits. However, the bumps are highly contaminated with bright flares or reversed shock emission.
The rising slopes are very uncertain. We therefore do not include these bumps in our sample.
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derived from our fits, include the peak flux (Fm), slopes (α1 and α2), peak time (tp), the
full-width-at-half-maximum (FWHM, w), the rising and decaying timescales measured at
FWHM (tr and td), the ratio (Rrd) of tr/td, and the ratio (Rrp) of tr/tp, are reported in
Tables 1 and 2. We derive the isotropic energy release by integrating the emission over the
R band (with the central frequency and the full-width-half-maximum as 7000A˚ and 2200A˚,
respectively), in units of 1048 ergs (ER,iso,48) for the afterglow onset and re-brightening bumps
in the time interval [tp/5, 5tp]. They are also listed in Tables 1 and 2. The redshift (z) and the
isotropic gamma-ray energy in units of 1052 ergs (Eγ,iso,52) of these GRBs are also reported
in Tables 1 and 2.
3. Comparison between the Properties of the Early Onset and Late
Re-Brightening bumps
Figure 6 compares the distributions of α1, α2, tp, the R-band luminosity at tp (LR,p) and
the ratio (Rrd) of rising-to-decaying timescales measured at FWHM. It is found that both
αon1 and α
re
1 distributions are well consistent with each other, falling in the range of 0.3 ∼ 4,
with a typical value 1.5. Both αon2 and α
re
2 are also consistent. They are narrowly distributed
in the range [-1.8, -0.6] with a typical value −1.15, except for three outliers whose αre2 are
steeper than 2. The distribution of the ratio Rrd is clustered around ∼ 0.4. The distribution
of tonp spans the range 30 to 3000 seconds, while t
re
p is distributed in a much wider range
from several hundreds of seconds to days. The LonR,p distribution shows a bimodal feature
that peaks at 1046 erg s−1 and 1048 erg s−1, respectively, but this feature is not statistically
significant in the current sample4. A sharp cutoff at the left side of the first peak is likely
due to an instrumental detection limit, which selects against faint optical afterglow onset
bumps. The log-normal function fit to the LreR,p distribution yields logL
re
R,p = 45.76 ± 0.90
(1σ).
Figure 7 shows w, Lp, and ER,iso as a function of tp for both the onset and re-brightening
bumps. We find that logw = (0.17±0.20)+ (1.06±0.08) log tp with a Spearman correlation
coefficient r = 0.93 and p < 10−4 for the onset bumps. The rebrightening bumps share the
same w − tp relation, with a slope of 0.94 ± 0.04. The peak luminosity is anti-correlated
with the peak time for both the onset and re-brightening bumps, but the power-law indices
4Since the visual bimodal distribution feature depends on the bin size selection, we examined this feature
with a statistical algorithm proposed by Keith et al. (1994), the so-called KMM algorithm, which is inde-
pendent of bin size selection effect. The KMM algorithm yields a likelihood ratio test statistics (rKMM) and
a corresponding chance probability pKMM. A bimodal feature is statistically acceptable if pKMM < 10−4. We
get rKMM = 2.2 and pKMM = 0.33, which means that the bimodal feature is still not statistically acceptable.
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of the correlations are different. The best fits give logLonR,p,48 = (2.83 ± 0.69) − (1.81 ±
0.32) log[tonp /(1 + z)] (with r = −0.74, p < 10
−4) and logLreR,p,48 = (0.65 ± 0.61) − (0.83 ±
0.17) log[trep /(1 + z)] (with r = −0.73, p < 10
−4). The EonR,iso is tentatively anti-correlated
with tonp , i.e., logE
on
R,iso,48 = (3.38 ± 0.67) − (0.83 ± 0.32) log[t
on
p /(1 + z)] with r = −0.46
and p = 0.015. A correlation analysis between EreR,iso and t
re
p gives r = 0.04 and p = 0.83,
confidently indicating that there is no correlation between the two quantities. Both onset
and re-brightening bumps are detected for 11 GRBs. The luminosity LreR,p is usually smaller
than LonR,p, but the energy E
re
R,iso is comparable to E
on
R,iso or even larger than E
on
R,iso, as shown
in Figure 8. We examine the pair correlations for LonR,p − L
re
R,p and E
on
R,p −E
re
R,iso, and obtain
r = 0.24 with p = 0.47 for LonR,p − L
re
R,p and r = 0.55 with p = 0.07 for E
on
R,p − E
re
R,iso. These
indicate that LonR,p is not corrected with L
re
R,p, and there is only a weak correlation between
EonR,p and E
re
R,iso.
Figure 9 shows LR,p and ER,iso as a function ofEγ,iso for both the onset and re-brightening
bumps. It is found that both LonR,p and E
on
R,iso are correlated with Eγ,iso. The best fit gives
logLonR,p,48 = (3.77±0.47)+(1.03±0.16) logEγ,iso,50 (with r = 0.79, p = 10
−4) and logEonR,p,48 =
(−0.30± 0.38)+ (0.72± 0.13) logEγ,iso,50 (with r = 0.75 and p < 10
−4). However, we do not
find similar correlations for the late re-brightening bumps in the sample.
Both X-ray and optical afterglows were observed for most GRBs in our sample. The
X-ray afterglow lightcurves observed with Swift/XRT are also shown in Figures 1-5. We
check whether an onset or re-brightening bump also exist in the X-ray lightcurve at the
time of optical onset/rebrightening bump. For the onset bumps, the X-ray lightcurves are
usually characterized by a steep decay segment or flares. No associated onset bumps are
identified (see Figure 1)5. For the re-brightening bumps, on the other hand, the associations
seem common. A simultaneous bump in the X-ray band is detected in about half of the
optical re-brightening bumps (Figure 2). These results suggest that the optical lightcurves
are less contaminated by the prompt emission tail and late central engine activity emission,
and therefore a good probe for the external shock afterglow (e.g., Rykoff et al.2009; Oates
et al. 2009; Liang et al. 2010; Lu¨ et al. 2012; Ghirlanda et al. 2012; Yi et al. 2012).
5The decay slope post the onset peak is roughly consistent with that observed in the X-ray band for GRBs
060418, 061007, 061121, 071010B, 071025, 071031, 071112C, 080603A, 080810, 081008, 081109A, 081203A,
090812, 110205A, 070318, 080310, 070411, 080710, 090102, 100901, 060729, 081029, 100219A. The early
afterglow onset bump in the X-ray band, if exist, would be highly contaminated by the early steep decay
segment and flares. Therefore, the onset bump is difficult to be identified in the X-ray band (e.g. Rykoff et
al 2009; Oates et al 2009).
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4. Onset bumps: Probing properties of fireball and circumburst medium
density profile
Within the framework of the synchrotron external shock model, a clear onset bump
is expected in the early afterglow lightcurve as the fireball is decelerated by the surround-
ing medium (e.g., Sari & Piran 1999; Kobayashi & Zhang 2007). The tight LonR,p − Eγ,iso
correlation and the values of the rising and decay slopes are all consistent with the model
that invokes early deceleration of the GRB fireball6. In this section we take the deceleration
model to interpret the onset bumps, and use the data to probe the properties of fireball and
circumburst medium density profile.
4.1. Circumburst medium density profile and electron spectral index
Within the deceleration model, the rising and decaying slopes of an afterglow onset
bump depend on the circumburst medium density profile parameter k and the radiation
spectral regime (e.g., Sari et al. 1999; Xue et al. 2009). As shown in Table 1 of Paper I,
the spectral index (βO) for most optical afterglows are between 0.5-0.7, indicating that the
optical emission is usually in the spectral regime νm < ν < νc and p > 2, where νm and νc
are the typical and cooling frequencies of synchrotron radiation. In this spectral regime, we
have p = 2βO + 1, α1 = 3 and α2 = 3(1 − p)/4 for the constant density ISM model, and
α1 = (1− p)/2 and α2 = (1− 3p)/4 for the wind model. With the p values derived from βO,
we find that the predicted rising slopes of both the ISM and wind medium are significantly
inconsistent with the observed α1 values of most GRBs in our sample. The observed α2
values, on the other hand, generally agree with the prediction of the ISM model. Therefore,
we consider a circumburst medium density profile
n =
{
n0
(
R
Rt
)−k
, R <= Rt,
n0, R > Rt,
(1)
where Rt is the transition radius at which the medium turns into a constant density ISM,
n0 = 1 cm
−3. If the condition Rt ≥ Rdec is satisfied, where Rdec is the deceleration radius,
6A smooth bump may be also attributed to an off-axis viewing angle effect (Panaitescu & Vestrant 2008).
In this case the rising part of the bump is defined by the off-beam effect, while the asymptotic decaying index
would be the post-jet-break deceleration phase (with a decay slope steeper than 1.5). For a constant density
model, the transition to this phase is quick enough, so that the typical value of the observed α2 (shallower
than 1.5) would disfavor such a possibility. For a more stratified medium, the transition time to a steeper
phase can be longer, which may accommodate some of the observations. However, such a model predicts a
gradual steepening feature in the lightcurve, which is not observed from the data.
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the thin-shell external shock model gives a rising slope7
α1 = 3−
k(p+ 5)
4
. (2)
Since the decaying phase after the peak usually lasts a much longer time, its decay slope is
essentially defined by the phase of R ≫ Rt, so that the long-term decay slope is defined by
the constant-density ISM scaling8, i.e.
α2 = −
3(p− 1)
4
. (3)
With the observed α1 and α2 one can derive the k and p values for each burst. We find that
32 out of the 38 bursts in our sample can be explained with this simple model. Six GRBs
cannot be explained with this model. The early bumps in GRBs 090102, 110205, and 110906
have a very rapid rising with an index 5.2, 4.0, and 3.4±0.2, respectively. This may be due
to the contamination of the reversed shock emission (e.g., Zhang et al. 2003, Zheng et al.
2012). The decay slope of the bumps in GRBs 030418, 071010B and 081126, on the other
hand, are too shallow (-0.55± 0.04, -0.60±0.06, -0.39± 0.01, respectively) to be interpreted
in the standard fireball model, and requires significant energy injection9. We therefore only
include 32 GRBs in our following analysis.
Figure 10 shows the distributions of p and k. The p values range from 2 to 3.5, with
a typical value of 2.5. Both analytical and numerical studies show that the spectrum of
electrons accelerated by ultra-relativistic shocks are a power-law with an index in this range
(Kirk et al. 2000, Achterberg et al. 2001, Bednarz & Ostrowski 1998, Lemonine & Pelletier
2003). The derived p values from our analysis are generally consistent with this, but they
are distributed in a wider range (see also Panaitescu & Kumar 2001; Yost et al. 2003; Shen
et al. 2006; Curran et al. 2010).
The k values vary from 0 to 1.5 among GRBs, and its typical value is 1. Most of them are
narrowly distributed in the range 0.75− 1.25. This is an intermediate regime between ISM
and stellar wind. It may be formed via episodic energy ejection of matter by the progenitor
star some time before the GRB. The exact mechanism to shape such a density profile is
subject to further theoretical study.
7If instead Rt < Rdec is satisfied, in principle one would see a transition from a slow-rising phase to a
fast-rising phase. This is not observed, which suggests that usually Rt ≥ Rdec is satisfied.
8It is also possible that the medium profile transits to the wind medium since the radius of the wind
medium would be > 1019 cm in some GRBs (e.g. Dai & Wu 2003). In this case the decay slope α2 =
(1− 3p)/4.
9We should note that the lightcurves of GRBs 030418, 071010B and 081126, are poorly sampled or only
covered for a short time interval.
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4.2. Relation between Fireball Lorentz Factor and Isotropic Gamma-ray
Energy
Liang et al. (2010) derived the intial Lorentz factor Γ0 and Rdec assuming that the
early optical afterglow onset bumps are due to the deceleration of a GRB fireball in an ISM
medium, and discovered a tight correlation between Γ0 and Eγ,iso. We revisit this relation in
view of the modified density profile as discussed above. We define a dimensionless parameter
ξ ≡
Rt
Rdec,cr
, (4)
where Rdec,cr is the deceleration radius of the GRB fireball in the ISM model, which can be
calculated by
Rdec,cr = 2.0×
[
3Eγ,isotp
32piηnmpc(1 + z)
] 1
4
, (5)
where n is the ambient density and η = Eγ,iso/EK,iso is the ratio between the isotropic gamma-
ray energy and the isotropic blastwave kinetic energy, mp is the mass of proton, c speed of
light. In the moderate density profile n = n0r
−k as we derived above, the deceleration radius
should be
R
′
dec =
[
(3− k)Eγ,iso
2piηn0ξkRkdec,crmpΓ
2
0c
2
] 1
3−k
. (6)
The initial Lorentz factor can be then estimated as10
Γ
′
0 =


G(k)×
[
(3−k)Eγ,iso(1+z)
3−k
32piηn0ξkRkdec,crmpc
5−kt3−kp
] 1
8−2k
, ξ ≫ 1
1.4×
[
3Eγ,iso(1+z)
3
32piηn0mpc5t3p
] 1
8
, ξ ≪ 1,
(7)
where G(k) is a dimensionless parameter as a function of k (Figure 11). We take n0 = 1
cm−3, η = 0.2 and ξ = 3 to calculate Γ
′
0 and R
′
dec. The distributions of Γ
′
0 and R
′
dec are
shown in Figure 12. It is found that Γ
′
0 is distributed in the range [50, 500], and R
′
dec is
around 1017 cm. The relation between Γ
′
0 and Eiso is shown in Figure 13. The best fit yields
log Γ
′
0 = (1.43± 0.10) + (0.26± 0.03) logEiso,50, (8)
or Γ′0 = (27 ± 6)E
0.26±0.03
iso,50 . The slope of this relation is consistent with that reported in
Liang et al. (2010), but the coefficient is smaller since here we adopt the density profile
as discussed above and replace the constant factor 2 by 1.4 in our calculation of the initial
Lorentz factor.
10The constant factor 2 shown in Sari & Piran (1999) is replaced by 1.4 through rigorous integration, as
suggested by Lu¨ et al. 2012.
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5. Re-brightening Bumps: possible origins
As summarized in §2, late rebrightenning bumps are observed in 26 GRBs. Several
models may produce a rebrightening bump, including a medium density jump (Dai & Lu
2002; Dai & Wu 2003; Lazzati et al. 2002), a refreshed shock (Zhang & Me´sza´ros 2002a;
Bjo¨rnsson et al. 2004); a structured jet (Nakar et al. 2003; Berger et al. 2003; Huang et
al. 2004; Liu et al. 2006; Jia et al. 2012), and emission from a long-lived reverse shock
due to certain stratified ejecta profile (Uhm et al. 2012). However, with a density bump
it is difficult to produce very sharp rebrightenings (Nakar & Granot 2007). The refreshed
shock scenario requires a large total energy budget to be at least comparable to the existing
energy in the blastwave, even though a reverse shock can be bright enough to power a rapid
optical rebrightening feature (Zhang & Me´sza´ros 2002a). The long-lasting reverse shock
model (Uhm et al. 2012) needs to have the forward shock suppressed in order to have a
significant rebrightening feature from the reverse shock.
In the following we focus on the structured jet model. Three scenarios involving struc-
tured jets may be employed to explain the late re-brightening bumps. First, the outflow
may be “patchy”, and have at least two components with different jet axes. The on-axis
one gives rise to the prompt emission and early afterglow, while the more energetic off-axis
one enters the field of view at a later time and gives the re-brightening feature (e.g. Granot
et al. 2002). This model interprets the rebrightening bump as the full emergence of the
off-axis jet in the field of view (Huang et al. 2004; Panaitescu & Vestrand 2008; Guidorzi
et al. 2009, Margutti et al. 2010). This requires a uniform jet with a sharp edge, with the
line of sight initially outside the jet cone. The peak of the bump corresponds to the epoch
when the 1/Γ cone enters the line of sight, i.e., (θv − θj) = 1/Γ, where θv and θj are the
viewing angle and the jet opening angle, respectively. This model predicts that the rising
index of the lightcurve is steep, i.e. αre1 ∼ (3 − 4) (Panaitescu & Vestrand 2008), and the
decaying should correspond to the post jet break phase, which should be steeper than 1.5
(e.g., Liang et al. 2008). As shown in Figure 6, the α1 values are ≤ 3 and the α
re
2 values
are shallower than 1.5 the late re-brightening bumps in our sample. All these suggest that
the off-axis two-component jet model is not favored by the data of the majority GRBs that
show a rebrightening bump, even though with proper contrived parameters, some GRBs can
be still interpreted by this model.
The second model invokes a structured jet with smoothly varying energy per solid
angle, usually as a power law or Gaussian distribution (e.g. Me´sza´ros et al. 1998; Zhang &
Me´sza´ros 2002b; Rossi et al. 2002). For the Gaussian model (e.g. Zhang et al. 2004), an
off-axis observer at a large viewing angle would see a smooth rebrightening feature (Kumar
& Granot 2003). However, this model predicts too shallow a hump to interpret the observed
– 12 –
rebrightening bumps in our sample.
The third model invokes a two-component jet that has a fast, narrow jet being en-
compassed by a slow, wider jet, with the fast one powering the prompt emission and early
afterglow onset and the slow one powering the rebrightening bump (e.g. Racusin et al. 2008).
This is likely the best model to interpret the rebrightening bumps. Since the rebrightening is
interpreted as deceleration of the second slow jet, the rising and decaying slopes and the tr/td
ratio should be similar to those of the onset bumps. This is indeed the case, as shown shown
in Figure 6. On the other hand, the properties of the re-brightening humps are not correlated
with the prompt gamma-ray properties. This suggests that the slow component responsible
for the re-brightening bump is likely an independent component that is not related to the
prompt gamma-ray emission.
One may estimate the initial Lorentz factor of the slow component if it is decelerated
by the same medium as the fast component. The emission in the re-brightening component
should be in the spectral regime νm < ν < νc. The luminosity of the radiation from external
shocks at t can be given by (e.g., Sari et al. 1998),
L ∝ E
(p+3)/4
K t
(3−3p)/4, (9)
where EK is the kinetic energy of the slow component. Assuming that the microphysical
parameters in the two components are the same, one can estimate the ratio of EK for the
two components
EreK
EonK
=
(
Lre
Lon
)4/(p+3)(
tre
ton
)3(p−1)/(p+3)
. (10)
Therefore, the ratio of the initial Lorentz factors of the two jet components can be estimated
as
Γre0
Γon0
=
(
Lre
Lon
)1/2(p+3)(
tre
ton
)3(p−1)/8(p+3) (tonp
trep
)3/8
. (11)
Taking typical values from our analysis results, i.e., p = 2.5, Lonp ∼ 10
47 erg s−1, Lrep ∼
5.8× 1045 erg s−1, tonp ∼ 200s and t
re
p ∼ 5× 10
4s, one can get EreK/E
on
K ∼ 11.55 and Γ
re
0 ∼ 34
for Γon0 ∼ 200. Therefore, the typical kinetic energy of the slow component is about one
order of magnitude larger than the fast component but with a much smaller initial Lorentz
factor.
6. Conclusions
We have presented a detailed analysis of the optical afterglow onset and late re-brightening
bumps with a sample of 146 well-sampled optical lightcurves. We made empirical fits to the
– 13 –
lightcurves to identify these bumps and studied the statistical properties of various param-
eters. We summarize our results in the following.
• A smooth onset bump is observed in 38 GRBs. Among them 27 show a clear onset
feature followed by a normal decay segment without detection of a late re-brightening
bump, while 11 others are followed by a late re-brightening bump. Sixteen GRBs in
our sample show a power-law decay segment followed by a late re-brightening hump.
No X-ray onset bump was observed to coincide the optical onset bumps in our sample.
However, an associated X-ray re-brightening bump was detected for half of the optical
re-brightening bumps.
• The distributions of α1 and α2 of both the onset and re-brighten bumps are consistent
with each other. The α1 distribution is in the range of [0.3, 0.4] with a typical value of
∼ 1.5, while α2 is narrowly distributed in the range [-1.8, -0.6]with a typical value about
−1.15. The distribution of the ratio Rtd is clustered around 0.4. The t
on
p distribution
ranges from 30 to 3000 seconds, while trep is distributed in a much wider range from
several hundreds of seconds to days.
• Both the onset and re-brighten bumps share the same width-peak luminosity relation,
i.e., logw = (0.50± 0.11) + (0.94± 0.03) log tp, indicating that a bump peaking earlier
tends to be narrower. The peak luminosity is anti-correlated with the peak time for
both the onset and re-brightening bumps, but the power-law indices of the correlations
are different, i.e., −1.81 ± 0.32 for the onset bumps and −0.83 ± 0.17 for the re-
brightening bumps. No correlation between the peak luminosities of the onset and
re-brighten bumps is found.
• It is found that LonR,p is proportional to Eγ,iso, i.e., logL
on
R,p,48 = (3.77± 0.43) + (1.00±
0.14) logEγ,iso,50, and the isotropic energy release during in the onset bump is also
correlated with Eγ,iso. These results indicate that the afterglow onset bumps is likely
due to the deceleration of the GRB fireballs.
• We take the onset bumps as a probe for the properties of the GRB fireball and the
circumburst medium density profile. We find that the electron spectral index p is dis-
tributed in the range from 2 to 3.5 among bursts, with a typical value of 2.5. The
medium density profile is characterized by n ∝ r−k, with the k values narrowly dis-
tributed in the range [0.75, 1.25], with a typical value k = 1. This profile is intermediate
between a constant density ISM and a stellar wind. The physical origin of this profile
is subject to further study. With this medium density profile, we re-derive the initial
Lorentz factor of the fireball and confirm the Γ0 − Eiso,γ correlation discovered in our
previous work (Liang et al. 2010).
– 14 –
• The peak time and peak luminosity of the rebrightening bumps are not correlated
with the properties of the prompt gamma-ray emission and those of the onset bumps.
Their rising and decaying slopes are not consistent with the prediction of off-axis
two-component jet models. Rather, it seems to be consistent with an on-axis two-
component jet model, with the rebrightening bump signaling the slow component.
Within this interpretation, the typical kinetic energy of the slow component is about
one order of magnitude larger that the fast component that is responsible for the
prompt emission and onset afterglow component, for typical values of the observed
peak luminosities of the two components. Its initial Lorentz factor is typically only a
few tens, being much smaller than that of the fast component.
Our results indicate that the optical afterglow is a critical probe for the GRB external
shock. Inspecting the X-ray lightcurves in Figures 1-5, one can find that the early X-
ray afterglow lightcurves are usually dominated by flares and the tail emission of prompt
gamma-rays. The optical afterglow lightcurves are much less contaminated by these emission
components. The smooth onset bumps are a clean probe of the key parameters of the fireball
and circumburst medium density profile.
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Table 1. Parameters of the Onset Bumps
GRB(Band)ref Fm
a α1 α2 tp
b wb tr
b td
b Rrd Rrp z Eγ,iso
c ER,iso
d LR,p
e Γ0 Rdec
f
030418(V)(1) 3.33±0.07 0.81±0.12 -0.55±0.04 1190±109 6015 926 5089 0.18 0.71 ... ... ... ... ... ...
050502A(V)(2) 55.22±3.56 0.87 -1.30±0.07 58±5 96 34 62 0.55 0.63 3.793(36) ... 162.5 5139.5±331.4 ... ...
050820A(R)(3) 17.38±0.11 1.26±0.04 -1.07±0.02 477±6 896 258 637 0.41 0.53 2.612(36) 15924±1244 301.6 671.7±4.3 226 1.99
060110(V)(4) 125.78±1.81 1.05±0.04 -0.77±0.03 50 132 30 101 0.30 0.58 ... 320±60 ... ... 190 0.51
060418(H)(5) 52.99±1.51 1.24±0.14 -1.27±0.02 170±5 252 85 167 0.51 0.50 1.489(37) 4859±1056 200.3 606.4±17.3 252 1.27
060605(R)(6) 8.65±0.23 0.78±0.13 -1.47±0.04 590±45 1216 336 880 0.38 0.75 3.78(38) 283±45 362.3 1277.7±33.2 133 0.62
060607A(H)(7) 16.65±0.27 2.39±0.12 -1.40±0.02 179±3 220 65 155 0.42 0.35 3.082(39) 2342±149 202.0 926.9±15.1 310 1.34
060904B(R)(8) 8.35±0.16 2.40±0.18 -1.76±0.03 400 616 195 421 0.46 0.45 0.703(40) 77±10 8.6 19.4±0.4 108 0.88
060906(R)(9) 0.37±0.06 0.55±0.68 -1.14±0.34 1149±355 2177 788 1389 0.57 0.76 3.686(41) 1727±139 27.2 23.9±4.0 120 0.98
061007(R)(6) 1895.00±34.75 2.00 -1.67 77±1 130 41 90 0.45 0.50 1.261(42) 42104±4190 1277.2 14688.1±269.3 473 2.37
061121(V)(10) 603.77±35.17 1.23±0.29 -1.07±0.23 208±25 394 114 280 0.41 0.54 1.341(43) 28468±3272 830.2 4371.4±254.6 210 1.15
070318(V)(11) 16.01±0.52 0.54±0.11 -1.16±0.16 507±46 947 347 600 0.58 0.77 0.836(44) 135±33 28.7 47.0±1.5 84 0.53
070411(R)(12) 2.75±0.05 0.61 -1.45±0.02 739±10 1196 473 723 0.65 0.74 2.954(40) 1000±200 79.8 145.6±2.4 129 0.87
070419A(R)(13) 0.45±0.02 0.93±0.12 -1.26±0.03 765±30 1212 437 775 0.56 0.59 0.97(40) 19±2 1.8 1.9±0.1 62 0.43
070420(R)(14) 14.63±1.17 1.29±0.48 -0.90±0.08 202±22 424 107 317 0.34 0.51 ... 3100±500 ... ... 157 1.45
071010A(R)(15) 2.51±0.64 1.50 -1.14±0.04 586±66 996 289 707 0.41 0.48 0.98(40) 13±2 8.3 10.0±2.5 72 0.45
071010B(R)(16) 2.72±0.27 0.34±0.19 -0.60±0.06 287±145 1296 215 1081 0.20 0.91 0.947(45) 174±90 6.4 6.4±0.6 ... ...
071025(J)(17) 5.75±0.17 1.17±0.15 -1.03±0.04 548±29 1090 309 781 0.40 0.55 5.2(40) 1500±300 ... ... 193 0.95
071031(R)(18) 0.72±0.0007 0.63±0.002 -0.84±0.0007 1213±2 3312 853 2459 0.35 0.75 2.692(40) 390±60 40.9 26.9±0.025 89 0.71
071112C(R)(19) 2.58±0.14 1.64±1.18 -0.88±0.02 178±13 396 91 306 0.30 0.47 0.823(46) ... 2.1 6.7±0.4 ... ...
080310(R)(20) 1.87±0.11 1.50 -1.16±0.26 184±12 286 85 200 0.43 0.45 2.4266(40) 590±100 9.9 42.3±2.5 219 0.77
080319A(R)(21) 0.18±0.02 1.80 -0.65±0.07 238±17 784 127 657 0.19 0.46 ... 800±100 ... ... ... ...
080330(R)(22) 1.26±0.04 0.33 -1.12±0.25 578±25 1207 395 811 0.49 0.91 1.51(40) 41±6 10.7 11.4±0.4 74 0.33
080603A(R)(23) 0.57±0.03 1.82±0.21 -0.99±0.09 1044±167 6296 1130 5167 0.22 0.70 1.67842(47) ... ... ... 95 1.08
080710(R)(19) 2.59±0.04 1.60±0.07 -1.38±0.06 1934±46 4212 1174 3038 0.39 0.58 0.845(40) 80±40 23.8 7.9±0.1 57 1.03
080810(R)(24) 109.00±1.71 1.26±0.04 -1.21±0.003 117±2 308 78 230 0.34 0.65 3.35(40) 3000±2000 836.7 4823.2±75.4 337 0.89
081008(R)(26) 6.12±0.08 2.84±0.16 -0.96±0.004 163±2 290 59 230 0.26 0.33 1.967(40) ... 16.9 127.0±1.6 250 1.12
081109A(H)(27) 1.04±0.13 0.19±0.18 -0.94±0.03 559±127 1348 344 1005 0.34 0.98 0.98(40) 530±80 ... ... 68 0.68
081126(R)(28) 12.30±0.04 1.14±0.02 -0.39±0.01 159±2 1450 127 1323 0.10 0.63 ... 900±200 ... ... ... ...
081203A(U)(29) 146.60±0.30 2.58±0.02 -1.61±0.004 295±2 766 205 561 0.36 0.55 2.1(40) 1700±400 904.0 3022.3±6.2 226 1.57
090102(R)(30) 59.05±1.98 5.22 -1.57±0.04 50±1 45 11 34 0.31 0.20 1.547(40) 1400±500 26.6 711.8±23.8 61 0.84
090313(R)(31) 6.75±0.43 1.23±0.16 -1.25±0.09 1315±109 2126 690 1436 0.48 0.53 3.375(40) 460±50 445.7 451.7±28.9 107 1.02
090510(R)(32) 0.03±0.003 0.47±0.14 -0.98±0.12 1579±650 5046 853 4194 0.20 0.90 0.903(49) 42±4 0.3 0.1±0.01 61 0.84
090812(R)(33) 14.21±0.87 1.36±0.32 -1.37±0.29 71±8 104 35 69 0.51 0.49 2.452(40) 4586±597 27.6 305.4±18.8 399 0.98
100901A(R)(34) 1.45±0.04 1.87±0.31 -1.00±0.10 1260±76 2349 577 1772 0.33 0.43 1.408(50) 245 22.2 14.2±0.4 87 1.21
100906A(V)(34) 95.73±3.06 3.40±0.23 -1.07±0.02 101±4 245 55 189 0.29 0.43 1.727(51) ... 124.2 936.2±30.0 ... ...
110205A(R)(35) 25.24±0.11 4.00 -1.47±0.00 948±3 971 246 725 0.34 0.24 ... ... ... ... ... ...
110213A(V)(35) 53.19±2.12 1.54±0.09 -0.91±0.08 293±12 641 153 488 0.31 0.48 1.46(52) ... ... ... 165 0.97
aIn units of 10−12 erg cm−2s−1.
bIn units of seconds.
cIn units of 1050 erg.
dIn units of 1048 erg.
eIn units of 1045 erg s−1.
–
22
–
f In units of 1017 cm .
References. — (1) Rykoff et al. 2004; (2) Yost et al. 2006; (3) Cenko et al. 2006; (4) Cenko et al. 2008; (5) Molinari et al. 2007; (6) Rykoff et al. 2009 ; (7) Molinari et al. 2007; (8) Klotz et al. 2008;
(9) Rana et al. 2009; (10) Uehara et al. 2011; (11) Chester et al. 2008 ; (12) Ferrero et al. 2008; (13) Melandri et al. 2009; (14) Klotz et al 2008. ; (15) Covino et al. 2008; (16) Huang et al.2009; (17)
Perley et al. 2009 ; (18) Kru¨hler et al. 2009; (19) Huang et al. 2009; (20) Littlejohns et al.2012; (21) Malesani et al. 2008 ; (22) Guidorzi et al.2009; (23) Guidorzi et al.2011; (24) Page et al.2009; (25)
Rossi et al.2010; (26) Yuan et al.2010; (27) Jin et al.2009; (28) Klotz et al.2009; (29) Kuin et al.2009; (30) Gendre et al.2010; (31) Melandri et al.2010; (32) Pelassa et al.2010; (33) Wren et al. 2009(GCN
9778); (34) Gorbovskoy et al.2011; (35) Cucchiara et al.2011; (36) Liang & Zhang. 2006; (37) Prochaska et al.2007; (38) Ferreroet al. 2009; (39) Fynbo et al. 2009; (40) Robertson & Ellis 2012; (41)
Zafar et al. 2011; (42) Schady et al. 2008; (43) Golenetskii et al. 2006; (44) Krimm et al. 2009; (45) Golenetskii et al. 2007; (46) Kann et al. 2010; (47) Guidorzi et al. 2011; (48) Zafar et al. 2011; (49)
He, Hao-Ning et al. 2011; (50) Sakamoto et al. 2010; (51) Gorbovskoy et al. 2012; (52) Cucchiara et al. 2011.
–
23
–
Table 2. Properties of the optical rebrightening and prompt gamma-rays in our sample
GRB(Band) Fm
a α1 α2 tp
b wb tr
b td
b Rrd Rrp z Eγ,iso
c ER,iso
d LR,p
e
021211(R)(1) 0.28±0.03 1.80 -0.40±0.06 0.50 3.88 0.31 3.56 0.09 0.50 1.01(28) 111±10 1.4 1.21±0.14
021004(R)(2) 0.09±0.01 2.50 -1.27±0.03 170.31±5.31 228.51 62.01 166.49 0.37 0.34 2.335(29) 500±115 373.5 1.80±0.10
030329(R)(3) 1.66±0.20 2.04±0.54 -1.35±0.03 198.55±1.82 265.42 80.05 185.37 0.43 0.39 0.17(30) 155±14 43.1 0.12±0.01
050502A(V)(4) 0.34±0.14 0.80 -1.40±0.33 2.76±0.72 4.40 1.65 2.74 0.60 0.65 3.793(31) ... 46.3 31.90±13.03
050721(R)(5) 0.04±0.001 0.50 -1.06 98.86±7.85 214.89 67.97 146.92 0.46 0.81 ... 460±90 0 ...
050820A(R)(6) 0.39±0.02 0.86±0.27 -1.05±0.02 19.39±1.01 39.87 12.09 27.78 0.44 0.65 2.612(32) 15924±1244 287.2 15.00±0.85
060526(R)(7) 0.06±0.002 1.60 -2.28 112.46±1.89 104.72 45.73 58.99 0.78 0.42 3.21(33) 606±303 183.7 2.64±0.08
060729(U)(8) 4.76±0.15 1.20±0.28 -1.37±0.06 30.04±2.67 67.93 18.61 49.32 0.38 0.65 0.54(29) 65±5 167.8 5.00±0.16
060904B(R)(9) 1.66±0.03 8.00 -0.98±0.02 1.77±0.02 3.46 0.60 2.86 0.21 0.27 0.703(30) 77±10 12.3 3.85±0.08
060906(R)(10) 0.29±0.02 2.91±0.91 -1.20 9.72±0.54 13.32 3.28 10.04 0.33 0.31 3.686(29) 1727±139 151.3 18.39±1.46
060927(V)(11) 4.20 1.40 -1.20 0.48 0.79 0.24 0.55 0.44 0.49 5.6(29) 5815±862 183.8 1095.82
070318(V)(12) 0.26±0.66 0.95±5.14 -1.60 52.82±104.81 73.03 29.10 43.93 0.66 0.59 0.836(31) 135±33 38.9 0.77±1.94
071003(R)(13) 0.99±0.03 1.00 -1.10 20.00 38.31 11.75 26.56 0.44 0.60 1.605(32) 1800±600 306.1 21.21±0.55
080310(R)(14) 2.08±0.12 0.51 -1.07 1.72±0.06 3.48 1.21 2.28 0.53 0.79 2.4266(35) 590±100 119.0 47.09±2.67
080319C(V)(15) 2.93±0.23 3.40±0.61 -0.94±0.05 0.28±0.01 0.56 0.11 0.45 0.25 0.34 1.949(29) 5206±1041 16.5 62.05±4.89
080330(R)(16) 0.68±0.15 1.20 -1.14±0.15 1.77±0.10 3.15 0.96 2.19 0.44 0.54 1.51(35) 41±6 15.8 6.12±1.34
080413A(R)(17) 23.18±1.80 1.00 -1.21±0.07 0.15 0.26 0.09 0.17 0.49 0.59 2.433(35) 1855±397 105.6 719.01±55.90
080710(R)(18) 0.79±0.05 0.32±0.05 -1.58±0.08 8.63±0.19 13.96 5.90 8.06 0.73 0.90 0.845(35) 80±40 26.4 2.42±0.14
080913(J)(19) 0.004±0.001 2.30 -0.95 78.93±33.97 173.07 38.53 134.54 0.29 0.43 6.7(35) 711±89 51.3 1.22±0.48
081029(R)(21) 0.77±0.19 1.77 -1.94±0.11 14.35±0.89 14.57 5.71 8.86 0.64 0.40 3.85(33) ... 462.7 108.26±26.65
090102(R)(22) 0.09±0.01 0.80 -0.96±0.02 5.73±0.40 13.19 3.73 9.46 0.39 0.67 1.547(35) 1400±500 8.2 1.08±0.12
090902B(R)(23) 0.02±0.002 1.20 -0.81 137.28±22.35 360.45 82.29 278.15 0.30 0.56 2.452(34) 4586±597 77.5 0.31±0.05
100219A(R)(24) 0.03±0.003 0.91 -2.24 20.47±1.08 22.71 10.93 11.79 0.93 0.59 4.6667(35) ... 34.6 1.17±0.10
100901A(R)(25) 1.63±0.02 2.50±0.13 -1.50 24.16±0.60 31.58 9.57 22.01 0.43 0.37 1.408(36) 245 371.2 8.26±0.12
101024A(R)(26) 0.16±0.07 0.30 -1.09±0.11 2.71±1.31 5.78 1.84 3.94 0.47 0.92 ... ... ... ...
110213A(V)(27) 12.06±1.16 1.12±0.19 -1.72±0.55 6.14±0.72 7.72 3.12 4.60 0.68 0.53 1.46(37) ... 685.7 65.34±6.28
aIn units of 10−12 erg cm−2s−1.
bIn units of kilo seconds.
cIn units of 1050 erg.
dIn units of 1048 erg.
eIn units of 1045 erg s −1.
References. — (1) Li et al.2003; (2) Lazzati et al. 2003; (3) Resmi et al. 2005; (4) Yost et al. 2006; (5) Antonelli et al. 2006; (6) Cenko et al. 2006; (7) Tho¨ne et al.2010; (8) Grupeet
et al. 2007 ; (9) Klotz et al.2008; (10) Rana et al. 2009 ; (11) Ruiz-Velasco et al. 2007; (12) Chester et al. 2008 ; (13) Perley et al. 2008; (14) Littlejohns et al. 2012; (15) Li, W. et
al.(2008); (16) Guidorzi et al. 2009 ; (17) Yuan et al. 2008 ; (18) Kru¨hler et al. 2009 ; (19) Greiner et al. 2009 ; (20) Rossi et al. 2010 ; (21) Nardini et al. 2011 ; (22) Gendre et al. 2010
; (23) Cenko et al. 2011; (24) Mao et al. 2011; (25) Gorbovskoy et al. 2011; (26) Laas-Bourez et al.(2010); (27) Cucchiara et al. 2011; (28) Liang & Zhang 2006 (29) Zafar et al. 2011
(30) Robertson & Ellis 2012 (31) Krimm et al. 2009 (32) Kru¨hler et al. 2009 (33) Nardini, M.et al. 2011 (34) Pandey et al. 2010 (35) Mao et al. 2012 (36) Sakamoto et al. 2010 (37)
Cucchiara et al. 2011
– 24 –
102 103 104 105
Time since trigger (s)
10-13
10-12
10-11
Fl
ux
 (e
rg 
 cm
-
2  
s-
1 )
030418
χ2/dof=14/13
V
101 102 103 104 105 106
Time since trigger (s)
10-14
10-13
10-12
10-11
10-10
10-9
Fl
ux
 (e
rg 
 cm
-
2  
s-
1 )
060110
χ2/dof=5/5
V
101 102 103 104 105 106
Time since trigger (s)
10-14
10-12
10-10
10-8
10-6
Fl
ux
 (e
rg 
 cm
-
2  
s-
1 )
060418
χ2/dof=10/12
H
101 102 103 104 105 106
Time since trigger (s)
10-15
10-14
10-13
10-12
10-11
10-10
10-9
Fl
ux
 (e
rg 
 cm
-
2  
s-
1 )
060605
χ2/dof=44/90
R
101 102 103 104 105 106
Time since trigger (s)
10-14
10-13
10-12
10-11
10-10
10-9
10-8
Fl
ux
 (e
rg 
 cm
-
2  
s-
1 )
060607A
χ2/dof=68/40
H
101 102 103 104 105 106 107
Time since trigger (s)
10-14
10-12
10-10
10-8
10-6
Fl
ux
 (e
rg 
 cm
-
2  
s-
1 )
061007
χ2/dof=34251/84
R
101 102 103 104 105 106 107
Time since trigger (s)
10-15
10-10
10-5
100
Fl
ux
 (e
rg 
 cm
-
2  
s-
1 )
061121
χ2/dof=17/42
V
102 103 104 105 106 107
Time since trigger (s)
10-15
10-14
10-13
10-12
10-11
10-10
10-9
Fl
ux
 (e
rg 
 cm
-
2  
s-
1 )
070411
χ2/dof=737/35
R
102 103 104 105 106
Time since trigger (s)
10-16
10-14
10-12
10-10
10-8
Fl
ux
 (e
rg 
 cm
-
2  
s-
1 )
070419A
χ2/dof=49/56
R
Fig. 1.— Observed optical afterglow lightcurves as predicted by the standard fireball model.
Erratic flares are detected in some GRBs. The solid line in each panel is the best fit with
our multi-component power-law model in the temporal coverage of the data and the dashed
line show the extrapolation of the best fit. The dash-dotted lines mark the components in
our model. The simultaneous X-ray data observed with Swift/XRT (crosses with error bars)
are also presented.
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Fig. 1— Continued
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Fig. 2.— Optical lightcurves with detections of both an initial afterglow onset bump and a
late re-brightening hump(s). The symbols and line styles are the same as Figure 1.
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Fig. 3.— Optical lightcurves with detections of both an initial shallow decay segment and a
late re-brightening hump(s). The symbols and line styles are the same as Figure 1.
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Fig. 4.— Optical lightcurves with detections of both an initial normal decay segment and a
late re-brightening hump(s). The symbols and line styles are the same as Figure 1.
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Fig. 5.— Optical lightcurves with detection of a late bump peaking at > 104 seconds post
the GRB trigger. The symbols and line styles are the same as Figure 1.
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Fig. 6.— Distributions of the characteristics of both the onset and re-brightening bumps.
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Fig. 7.— Width, isotropic peak luminosity and energy release in the R band as a function of
the peak time for the afterglow onset (black solid dots) and re-brightening (open triangles)
humps for the GRBs in our sample. Lines are the best fits.
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Fig. 8.— Comparisons of the isotropic peak luminosity and energy release in the R-band
between the onset and re-brightening bumps for the GRBs with detection of both the onset
and re-brightening bumps in their optical lightcurves. The solid line is the equality line.
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Fig. 9.— Peak luminosity (left panel) and the isotropic energy release (right panel) in the R
band of the afterglow onset (black solid dots) and re-brightening (open triangles) humps as
a function of the isotropic gamma-ray energy release. The solid line is the best linear fit to
the data of the afterglow onset bumps and the dashed lines mark the scatter of the data in
a 2σ region.
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Fig. 10.— Distributions of electron distribution index k (left) and the ambient density profile
index p (right) in our sample.
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Fig. 11.— Dimensionless parameter G(k) as a function of the power-law index of the medium
density profile k.
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Fig. 12.— Distributions of initial Lorentz factor Γ
′
0 and deceleration radius R
′
dec for the
medium density profile derived from the afterglow onset bumps in our sample.
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Fig. 13.— Relation between initial Lorentz factor Γ
′
0 and isotropic gamma-ray energy Eγ,iso.
The solid line is the best fit to the data and the dashed lines mark the scatter of the data in
the 2σ region.
